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Available online 16 November 2016This study reports a comparative assessment of the biological impact of a heated tobacco aerosol from the tobacco
heating system (THS) 2.2 and smoke from a combustible 3R4F cigarette. Human organotypic bronchial epithelial
cultures were exposed to an aerosol from THS2.2 (a candidate modiﬁed-risk tobacco product) or 3R4F smoke at
similar nicotine concentrations. A systems toxicology approachwas applied to enable a comprehensive exposure
impact assessment. Culture histology, cytotoxicity, secreted pro-inﬂammatorymediators, ciliary beating, and ge-
nome-wide mRNA/miRNA proﬁles were assessed at various time points post-exposure. Series of experimental
repetitions were conducted to increase the robustness of the assessment. At similar nicotine concentrations,
THS2.2 aerosol elicited lower cytotoxicity compared with 3R4F smoke. No morphological change was observed
following exposure to THS2.2 aerosol, even at nicotine concentration three times that of 3R4F smoke. Lower
levels of secreted mediators and fewer miRNA alterations were observed following exposure to THS2.2 aerosol
than following 3R4F smoke. Based on the computational analysis of the gene expression changes, 3R4F (0.13
mg nicotine/L) elicited the highest biological impact (100%) in the context of Cell Fate, Cell Proliferation, Cell
Stress, and Inﬂammatory Network Models at 4 h post-exposure. Whereas, the corresponding impact of THS2.2
(0.14 mg nicotine/L) was 7.6%.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Growing concern over the toxicity of environmental pollutants and
atmospheric aerosols has prompted research to investigate the mecha-
nisms involved in lung injury and repair following exposure to toxicants
(BeruBe et al., 2009). Exposure to cigarette smoke (CS) is associated
with oxidative stress, inﬂammation, and genetic and epigenetic changes
in the respiratory tract (Goldkorn et al., 2014). Although longitudinalkinase; BIF, Biological impact factor; C
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ciated with smoking, the adverse effects and disease manifestation
often take decades to occur. Studies over such long observation periods
are difﬁcult or even impossible to conduct. Invasive procedures inherent
to tissue sampling further contribute to the impracticality in studying
the human respiratory pathophysiology. Alternatively, animal models
can be used to investigate adverse effects following exposure and
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These challenges have prompted the search for alternative approaches.
These approaches should be practical and cost-efﬁcient, as well as pro-
vide more relevant insight to toxicity risk in humans (Committee on
Toxicity Testing and Assessment of Environmental Agents, 2007).
Studies have demonstrated the relevance of in vitro organotypic
human culture models to evaluate cellular and molecular changes at
the tissue level. Organotypic cultures are now available for most tissues,
and more accurately represent the physiological situation than mono-
layer cultures, whereby the three-dimensional (3D) organization of
cells and extracellular matrix within tissues are maintained (Shamir
and Ewald, 2014). These cell–cell and cell–matrix interactions are lack-
ing in the traditional monolayer culture systems (Shamir and Ewald,
2014). To study the impact of exposure via inhalation, e.g., of cigarette
smoke (CS), organotypic human culture models reconstituted from pri-
mary bronchial epithelial cells have been used in numerous studies to
investigate the impact of CS (BeruBe et al., 2009; Iskandar et al., 2015;
Mathis et al., 2013; Maunders et al., 2007; Talikka et al., 2014).
Unlike monolayer cultures, these organotypic bronchial cultures are
grown at the air-liquid interface, allowing them to fully differentiate
into a pseudostratiﬁed epithelium (BeruBe et al., 2009). The
pseudostratiﬁed respiratory epithelium lines (almost entirely) the in
vivo human bronchi, trachea, and upper respiratory tract. The airway
epithelium acts as a biological barrier restricting inhaled pathogens or
chemicals from entering the tissue (Proud and Leigh, 2011). Similar to
the in vivo bronchial epithelium, in vitro bronchial cultures comprise
basal cells, mucus-secreting (goblet) cells, and ciliated cells. These
cells are held together by tight junctions,which control the permeability
andmaintain the polarity of the tissue. The polarized epithelium creates
two distinct membrane-separated compartments: The apical (air-di-
rected) and basolateral (medium-directed) side. The apical side of the
culturemimics the characteristics of the in vivomucociliary surface cov-
ered by a physiological mucus layer. Various studies using organotypic
human bronchial cultures have reported that CS exposure altered the
normal cilia length and function (Åstrand et al., 2015; Aufderheide et
al., 2015; Brekman et al., 2014) and ciliary beating frequency (Kuehn
et al., 2015; Schmid et al., 2015). Various pro-inﬂammatory mediators
have also been detected in the basolateral media of organotypic bron-
chial cultures to assess the inﬂammatory responses following exposure
(Azzopardi et al., 2015; Iskandar et al., 2015).
In addition to the similar morphological and functional features
shared by in vitro organotypic bronchial cultures and in vivo epithelium,
the global gene expression proﬁles of in vitro organotypic bronchial cul-
tures share similarities with those of in vivo bronchial epithelial cells
collected by brushing (Mathis et al., 2013; Pezzulo et al., 2011). It should
be acknowledged that some differences have been reported; for exam-
ple, organotypic cultures express higher levels of basal cell-related
genes, whereas brushed cells express higher levels of cilia-related
genes (Dvorak et al., 2011). This is attributed to the higher proportion
of basal cells present in organotypic bronchial cultures, but a higher pro-
portion of ciliated cells present in in vivo brushed bronchial cells
(Dvorak et al., 2011). Nevertheless, following CS exposure (compared
with the air exposure control), the gene expression proﬁles of in vitro
organotypic bronchial cultures closely resemble those of in vivo brushed
airway epithelial cells obtained from smokers (compared with non-
smokers’ brushed cells) (Iskandar et al., 2013; Mathis et al., 2013;
Pezzulo et al., 2011). The CS-induced alterations in the gene expression
proﬁles suggested that CS exposure affected normal xenobiotic metab-
olism, oxidant/antioxidant balance, and elicited DNA damage and repair
mechanism (Iskandar et al., 2015; Mathis et al., 2015; Maunders et al.,
2007). Altogether, the air-liquid interface bronchial epithelial cultures
can reﬂect more appropriately the anatomical, physiological, and mo-
lecular alterations of the in vivo human bronchial epithelium than the
submerged monolayer cultures.
Aligned with the 3Rs strategy—animal-use should be reduced, re-
ﬁned, and replaced—in vitro studies using relevant test systems andsystems biology approaches offer new prospects in the ﬁeld of human
toxicology (Daneshian et al., 2011). The aim of this studywas to conduct
a comparative assessment of the biological impact of whole aerosol ex-
posure from a heat-not-burn candidate modiﬁed-risk tobacco
product—the tobacco heating system (THS) 2.2—relative to that of
whole smoke from 3R4F reference cigarettes using human organotypic
bronchial cultures. Such a comparative assessment would be aligned
with the recommendations of the Institute ofMedicine and the Tobacco
Product Assessment Consortium in that an assessment of modiﬁed-risk
tobacco products should be evaluated in comparison with the impact of
standard conventional products (Berman et al., 2015; Institute of
Medicine, 2012).
For a more comprehensive assessment of the biological impact, a
systems toxicological approach (Sauer et al., 2016; Sturla et al., 2014)
was applied in this study, in which cytotoxicity, secreted pro-inﬂamma-
tory mediators, ciliary beating, culture histology, and genome-wide
mRNA/miRNA proﬁles were analyzed at various time points post-expo-
sure. Cytotoxicity associated with the exposure was determined by
measuring the levels of adenylate kinase (AK) released into the
basolateral media. Such assays are commonly used to determine cell
deathbased on the leakage of cellular components, e.g., lactate dehydro-
genase or AK enzyme (Blaauboer, 2008). Moreover, upon stimuli, cells
can activate an inﬂammatory response leading to the secretion of vari-
ous pro-inﬂammatory mediators (e.g. cytokines, chemokines, and
growth factors) (Lambrecht and Hammad, 2012). Therefore, in this
study, the inﬂammatory responses of the cultures following exposure
were assessed by measuring the concentration of various mediators in
the basolateral media. Furthermore, ciliary beating frequencywasmea-
sured because of the known association between CS exposure and re-
duced mucociliary clearance, which is dependent upon normal ciliary
beating frequency (CBF) (Kreindler et al., 2005; Stanley et al., 1986).
In addition, a histological assessment of the cultures was conducted to
evaluate the anatomical complexity of the culture models following
exposure. Histological analyses allow a visualization of the micro-
scopic features of the cells in their 3D structures (Cormack, 2001),
thus enabling a morphological comparison with the in vivo human
bronchial epithelium (Uraih andMaronpot, 1990). Finally, the global
gene alterations were used to detect speciﬁc molecular targets or
pathway mechanisms linked to the exposure. A network-based anal-
ysis (i.e., the network perturbation amplitude algorithm (Martin et
al., 2014) leveraging causal biological network models (Boué et al.,
2015) and transcriptome proﬁles), was performed to obtain a more
meaningful biological insight relevant for human respiratory biolo-
gy. To obtain a robust assessment, a series of six experimental phases
were conducted where different batches of bronchial cultures were
obtained. The cultures were exposed to whole 3R4F smoke or
whole THS2.2 aerosol at similar nicotine concentrations. In addition,
a dose range assessment was conducted to detect the likelihood of
adverse toxicity effects of THS2.2 aerosol on the organotypic bron-
chial cultures.
2. Materials and Methods
2.1. Organotypic culture models
Two organotypic bronchial epithelial culture models were used in
this study (Table 1):
- EpiAirway™ (MatTek Corporation, Ashland, MA, USA) reconstituted
from primary bronchial epithelial cells of a 23-year old male, non-
smoker, no pathology reported, and
- MucilAir™ Bronchial (Epithelix Sàrl, Geneva, Switzerland)
reconstituted from primary bronchial epithelial cells of a 28-year
old male, non-smoker, no pathology reported.
The cultures were grown in 6.5 mm Transwell® inserts; the dimen-
sion of the insert was chosen based on its ﬁtting for the Cultivation Base
Table 1
Culture models and endpoint measurements
Phase of the Experimental Study
Exp 1 Exp 2 Exp 3 Exp 4 Exp 5 Exp 6
Dec 2013 Feb 2014 Mar 2015 Jun 2015 Jul 2015 Sep 2015
Culture Model EpiAirway™ EpiAirway™ MucilAir™ MucilAir™ MucilAir™ MucilAir™
Insert Material Translucent (opaque)
polycarbonate
Translucent (opaque)
polycarbonate
Transparent
polyethylene
terephthalate
Transparent
polyethylene
terephthalate
Transparent
polyethylene
terephthalate
Transparent
polyethylene
terephthalate
Donor
Information
23 y old male, non-smoker 23 y old male, non-smoker 28 y old male,
non-smoker
28 y old male,
non-smoker
28 y old male,
non-smoker
28 y old male,
non-smoker
Endpoints
Cytotoxicity Yes Yes Yes Yes Yes Yes
IHC No No Yes Yes Yes Yes
CBF No* No* Yes Yes Yes Yes
Secretion of
mediators
Yes Yes Yes Yes Yes Yes
mRNA/miRNA
proﬁles
Yes Yes Yes Yes Yes Yes
Exposure Run 1–2 1–2 3 3 3 3
Replicate per Run 3 3 1 1 1 1
*Because of the transluscent insert materials, ciliary beating frequency assessment could not be conducted. Abbreviation: Exp, experiment; CBF, ciliary beating frequency; IHC,
immunohistochemistry.
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EpiAirway™ bronchial cultures were placed in their fresh culture
media (5.5 mL/well) provided by the supplier, pre-warmed to 37°C, in
12-well culture plates. Similarly, upon arrival, the MucilAir™ bronchial
cultures were placed in their fresh culture media (0.7 mL/well) provid-
ed by the supplier, pre-warmed to 37°C, in 24-well culture plates. All
cultures were maintained at the air-liquid interface at 37°C (5% CO2,
90% humidity) with medium change every 2–3 days according to the
supplier’s instructions. The cultures were regularly inspected micro-
scopically to check for potential morphological changes, as well as for
bacterial or fungal contamination.
Three days before exposure (referred to as an exposure run), the api-
cal sides of the cultures were washed gently by a dropwise addition of a
total of 200 μL culture media (pre-warmed to 37°C) that was subse-
quently aspirated slowly. After exposure, the cultures were maintained
without medium change until sample collections (according to the ex-
perimental design).
2.2. Aerosol/smoke generation and exposure at the air-liquid interface
3R4F reference cigarettes were purchased from the University of
Kentucky (Kentucky Tobacco Research & Development Center). The
candidate modiﬁed-risk tobacco product, termed tobacco heating sys-
tem (THS) 2.2, was obtained from Philip Morris International R&D,
Neuchâtel, Switzerland. THS2.2 uses a “heat-not-burn” based technolo-
gy that heats tobacco instead of burning it. The speciﬁcation and
comparative analyses of THS2.2 aerosol and 3R4F smoke have been re-
ported before in a previous publication (Phillips et al., 2016). The 3R4F
cigarettes and THS2.2 sticks were conditioned for at least 48 h and up
to 21 d at 22 ± 1°C with a relative humidity of 60 ± 3%, according to
ISO standard 3402 (International Organization for Standardization,
1999).
The smoke and aerosol were generated according to the Health Can-
ada smoking protocol (55mL puff over two sec, twice perminwith an 8
sec pump exhaust time) (Health Canada, 1999). Each 3R4F cigarette
was smoked to a standard butt length (approximately 35 mm), and
each THS2.2was aerosolized for a total of 12 puffs per stick. For an expo-
sure run, 3R4F reference cigarettes were smoked using a 30-port carou-
sel smoking machine (SM) (SM2000; Philip Morris, International)
connected to a Vitrocell® 24/48 exposure system (Vitrocell Systems
GmbH,Waldkirch, Germany), Fig. 1A. Another dedicated 30-port carou-
sel smokingmachinewas used to generate the aerosol from THS2.2 that
was connected to another Vitrocell® 24/48 exposure system, Fig. 1B. Fora 28-min exposure run, 10 3R4F cigarettes were smoked and 10 THS2.2
sticks were aerosolized. The duration of exposure (28 min) was chosen
according to a previous report (Mathis et al., 2013), in which a 28-min
exposure compared with 7, 14, and 21 min exposure of 3R4F exposure
induced the highest concentration of secretedmatrixmetalloproteinase
(MMP)-1 in bronchial organotypic cultures. The secretion of MMP-1
was considered as a control to demonstrate the responsiveness of
organotypic airway cultures following CS exposure (Mathis et al., 2013).
The Vitrocell® 24/48 exposure system is equipped with a Dilution/
Distribution Module where the smoke/aerosol stream can be mixed
with fresh air (Majeed et al., 2014). The set-up allows adjustment of
the smoke/aerosol concentrations applied to the organotypic bronchial
cultures, which are located in the Cultivation Base Module of the
Vitrocell® 24/48 exposure system (Fig. 1). In this study, for the expo-
sure run, two different concentrations of smoke from 3R4F cigarettes
were applied: 0.13mgnicotine/L and 0.25mgnicotine/L, corresponding
to smoke concentrations in the Dilution/DistributionModule of approx-
imately 8% and 15% (v/v) 3R4F smoke in ﬁltered air, respectively (Fig.
1A). These concentrations were chosen based on previous observations
from which measurable effects were observed without overt tissue de-
struction (Iskandar et al., 2015). For the assessment of THS2.2, three dif-
ferent concentrations of THS2.2 aerosol were applied: 0.14mg nicotine/
L, 0.25 mg nicotine /L, and 0.42 mg nicotine/L, corresponding to aerosol
concentrations in theDilution/DistributionModule of 13%, 24%, and 31%
aerosol in air (v/v), respectively (Fig. 1B). Two of the concentrations
were matched to the nicotine concentrations in the diluted 3R4F
smoke. Nicotine was used as the internal reference compound to com-
pare the impact of 3R4F smoke and THS2.2 aerosol (the nicotine yield
from one 3R4F cigarette is roughly 1.4-fold greater than from one
THS2.2 stick, (Gonzalez-Suarez et al., 2016)).
A similar exposure set-upwas applied for the dose range assessment
of THS2.2, in which seven different concentrations of THS2.2 aerosol
were tested: 0.14 mg; 0.22 mg; 0.37 mg; 0.55 mg; 0.77 mg; 1.02 mg;
and 1.79 mg nicotine/L aerosol. For all exposure runs, a paired design
was implemented in which air-exposed samples for each of the end-
points and post-exposure collection time points were included (in
every exposure run).
To characterize the applied smoke/aerosol, the concentrations of
nicotine in thewhole smoke and aerosol, and the concentrations of rep-
resentative carbonyls deposited in the Cultivation Base Module of the
Vitrocell® 24/48 exposure system were measured (the data reported
in Supplementary Table 1 and Supplementary Fig. 1). For the nicotine
measurement, 3R4F smoke or THS2.2 aerosol (at the applied
Fig. 1. Experimental design The study comprised six experimental phases. In experimental phase 1 and 2, one to two independent exposure runswere conducted; in experimental phase
3 – 6, at least three independent exposure runs were conducted. During a given exposure run, the cultures were exposed to 3R4F smoke or THS2.2 aerosols using two independent
Vitrocell® 24/48 exposure systems. Smoke and aerosols were diluted with air to achieve speciﬁc target nicotine concentrations (mg nicotine/L smoke or mg nicotine/L aerosol) at the
particular row within the exposure chamber (A, B). For each exposure condition, the cultures were exposed continuously for 28 min to the smoke or aerosol. Endpoints were
measured at different time points before and after exposure (C). The total number of samples per endpoint is given in Supplementary Table 2.
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Millipore, Billerica, MA, USA). Following extraction, the samples were
subjected to gas chromatography-ﬂame ionization detection as previ-
ously reported (Majeed et al., 2014). For the carbonyl measurement,
each row of the Cultivation Base Module was ﬁlled with phosphate-
buffered saline (PBS) and exposed to the targeted concentrations of
3R4F smoke or THS2.2 aerosol for 28 min. Representative carbonyls
were measured using the high performance liquid chromatography-
tandem mass spectrometry method, described previously (Majeed et
al., 2014).2.3. Tissue processing, embedding, sectioning and staining
The cultures were washed three times with PBS, ﬁxed for 2 h in
freshly prepared 4% paraformaldehyde, and washed again three times
with PBS. The ﬁxed cultures were separated from the inserts and
bisected at the mid-point prior to processing (ASP300 S tissueprocessor; Leica Biosystem Nussloch GmbH, Nussloch, Germany). The
two bisected pieces per culture sample were embedded in parafﬁn.
Five μm-thick cross-sections were cut using a microtome, mounted on
glass slides, and stained with hematoxylin (Merck Millipore) and
eosin (Sigma-Aldrich, St. Louis, MO, USA) (H&E)/Alcian blue (Sigma-Al-
drich) using an ST5020 automated slide stainer (Leica Biosystem
Nussloch GmbH). Digital images of each slide (comprising of the two
cross-sections per culture sample) were generated using a slide scanner
(NanoZoomer 2.0, Hamamatsu Photonics, K.K., Tsukuba, Japan).2.4. Immunohistochemistry (IHC) analysis
IHCwas performed to (quantitatively) evaluatewhether the propor-
tions of different cell types were impacted by the exposure. The expres-
sion of p63, Ki67, and FoxJ1 in the culture sections were examined to
detect basal cells, proliferating cells, and columnar ciliated cells,
respectively.
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MAX autostainer (Leica Biosystem Nussloch GmbH) with the following
primary antibodies: anti-Ki67 (ready to use (RTU), Leica Biosystem-
PA0230); anti-p63 (1:100μL, Abcam-ab735, Abcam, Cambridge, UK),
and anti-FoxJ1 (1:2000μL, Abcam-ab40869, Abcam). Digital images of
the slides were generated upon scanning using the Hamamatsu
NanoZoomer slide scanner (Hamamatsu Photonics, K.K.) Evaluation of
the p63, Ki67, and FoxJ1 immunostaining was performed using Tissue
Studio 2.0 and ImageMiner software (Deﬁniens AG,Munich, Germany).
The software was developedwith the capability to classify, identify, and
discriminate between cellular compartments (nucleus, cilia, and cyto-
plasm) and the insert membrane. Subsequently, the software, which is
equipped with a built-in algorithm, segments the digital pictures and
subsequently classiﬁes the objects based on their staining intensity
(weak, moderate, and strong staining). The total count of strong stain-
ingwas considered positive for Ki67; the total count of strong andmod-
erate stainingwas considered positive for p63; the total count of strong,
moderate, andweak stainingwas considered positive for FoxJ1. The rel-
ative proportion of positively stained cells (relative to the total cell
number) for each speciﬁc marker was calculated.
2.5. Adenylate kinase (AK) cytotoxicity assay
AK activity wasmeasured from the basolateral medium, using either
a Bioluminescence Cytotoxicity Assay Kit (BioVision, Inc. Milpitas, CA,
USA) or a ToxiLight™ bioassay kit (Lonza, Rockland, MA, USA), follow-
ing themanufacturers’ instructions. AK activity wasmeasured using lu-
minescence-compatible 96-well microtiter-plates and a FluoStar
Omega reader (BMG Labtech GmbH, Ortenberg, Germany). For a given
experimental repetition, only one speciﬁc kit was used. The cytotoxicity
levels were derived following a normalization to the positive and nega-
tive controls for each of the experimental repetitions. The positive con-
trol values (i.e., considered as 100% cytotoxicity) were obtained from
cultures treated with 1% Triton X-100 to induce a complete lysis of the
cells. The negative control values were obtained from untreated or
PBS-treated cultures. The normalization formula is given in the Supple-
mentary Materials and Methods.
2.6. Measurement of secreted pro-inﬂammatory mediators
Multi-analyte proﬁling (MAP) of pro-inﬂammatory mediators se-
creted in the basolateral media was carried out according to the manu-
facturer’s instructions. Brieﬂy, 25-μL samples of basolateral medium
were collected at different post-exposure times (24, 48, and 72 h post-
exposure as cross-sectional samples). Luminex® xMAP® Technology
(Luminex, Austin, TX, USA)-based analysis was employed using com-
mercially available Milliplex panels (EMD Millipore Corp., Schwalbach,
Germany) tomeasure the following analytes: Chemokine (C-Cmotif) li-
gand (CCL) -1, -2, -5, 20; colony-stimulating factor (CSF)-2, -3; chemo-
kine (C-X-C motif) ligand (CXCL)-1, -8, -10; epidermal growth factor
(EGF); interleukin (IL)-1α, IL-1β, IL-6, IL-13; vascular endothelial
growth factor alpha (VEGFA); tumor necrosis factor alpha (TNFA);
soluble intercellular adhesionmolecule (sICAM);matrix metallopro-
teinase (MMP)-1, MMP-9; tissue inhibitor of metalloproteinase
(TIMP)-1; and thymic stromal lymphopoietin (TSLP). Samples were
analyzed on a Luminex®, 200™ or FLEXMAP 3D®, equipped with
the xPONENT software v.4.2 (Luminex). If the measured concentra-
tions were below the limit of detection, a constant value was used
(i.e., half of the lower limit of detection). To demonstrate the capac-
ity of the culture to respond against known pro-inﬂammatory stim-
uli, for each of the experimental phases, as positive controls, three
cultures were treated with a combination of TNFA and IL-1β added
to the basolateral medium at 10 ng/mL each (for a 24 h incubation);
whereas, the basal levels of secreted mediators were assessed by
measuring a set of triplicate samples following a PBS treatment
(added in to the basolateral media).2.7. Ciliary beating frequency (CBF) measurements
Ciliary beating frequencies were measured before and after expo-
sure to 3R4F smoke or THS2.2 aerosol at various time points. Using the
Leica DMIL light microscope (Leica, Wetzlar, Germany) and CiliaMetrix
high-speed camera (La Haute École de Gestion, Geneva, Switzerland),
video recordings of the cultures were generated (2 microscopic ﬁelds
per culture, each for 512 frames). The measurement was done by plac-
ing the cultures at 37°C on a stage-top incubator system (CU-501, Live
Cell Instrument, Seoul, South Korea). Automated image analysis soft-
ware from either CiliaMetrix or CiliaFA was used, the latter running on
open-source software (ImageJ) (Smith et al., 2012). The CiliaFA soft-
ware extracts the pixel intensities of the region of interest (ROI) over
time from previously recorded video sequences, generating a total of
1,600 ROI and converting the pixel intensity into ciliary beating fre-
quency (between 3–52 Hz) based on a fast Fourier transformation
(FFT) signal processing.
All 1,600 FFT power magnitudes detected were summed up to ob-
tain a single power spectrum. For one sample, one spectrumwasobtain-
ed by determining the mean of all spectra obtained from the two
different visual ﬁelds. The spectrum was smoothed by using a moving
mean value on 10 points (the delta, Δ, between points was approxi-
mately 0.18 Hz). Finally, the cilia beating frequency of a given sample
was derived from the highest magnitude of the FFT (2.5 Hzwas consid-
ered the lowest limit of the detected frequency). In a given spectrum, a
frequency less than 1.25-times the lowest magnitude was considered
noise and not included in the calculation. The FFT power magnitudes
were normalized to the ambient noise (the formula is given in the Sup-
plementaryMaterials andMethods). The FFT powermagnitudes were
subsequently integrated (sum) to those corresponding to themeasured
frequency described before. Finally, the summed FFT powermagnitudes
were normalized to the ambient noise, and to their corresponding air
control (within a given exposure run, the paired sample).
2.8. RNA/microRNA isolation and array analyses
Total RNA including microRNA (miRNA) was isolated after washing
the culture inserts twicewith cold (4°C) PBS at both the basal and apical
sides. The cells were then disrupted in 700 μL QIAzol™ lysis buffer
(Qiagen, Hilden, Germany) followed by RNA extraction using a Qiagen
miRNeasy Mini Kit and a QIAcube robot (Qiagen). The quantity of the
puriﬁed RNAwas determined using a NanoDrop™ND8000 spectropho-
tometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA). The quality of
the RNAwas analyzed using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). Samples with an RNA integrity number
(RIN) below 6 were not processed.
For themRNA array, 100 ng of total RNAwere reverse-transcribed to
cDNA using an Affymetrix® HT 3’ IVT PLUS kit (Affymetrix, Santa Clara,
CA, USA). The cDNA was labeled and ampliﬁed to complementary RNA
(cRNA). The fragmented and labeled cRNA was hybridized to a
GeneChip® Human Genome U133 Plus 2.0 Array (Affymetrix) in a
GeneChip®Hybridization Oven 645 (Affymetrix) according to theman-
ufacturer’s instructions. Arrays were washed and stained on a
GeneChip® Fluidics Station FS450 DX (Affymetrix) using the
Affymetrix®GeneChip® Command Console® Software (AGCC software
v-3.2, protocol FS450_0001).
For the miRNA array, a FlashTag™ Biotin HSR kit (Affymetrix) was
used to label the miRNA. 200 ng of total RNA containing low molecular
weight RNA were biotinylated and hybridized to miRNA arrays version
4.0 (Affymetrix) in a GeneChip® Hybridization Oven 645 (Affymetrix)
according to the manufacturer’s instructions. Arrays were washed and
stained on a GeneChip® Fluidics Station FS450 DX (Affymetrix) using
the Affymetrix® GeneChip® Command Console® Software (AGCC soft-
ware v-3.2, protocol FS450_0002).
Finally, the arrays were scanned using a GeneChip® Scanner 3000
7G (Affymetrix). Raw images from the scanner were saved as DAT
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extracted probe cell intensities into a CEL ﬁle.
2.9. Processing raw CEL ﬁles of the mRNA microarray
The rawCEL ﬁles were background-corrected, normalized, and sum-
marized using frozen-robust multiarray analysis (McCall et al., 2010).
Background correction and quantile normalization were used to gener-
ate microarray expression values from all arrays passing quality control
checks, and were performed using the custom CDF environment
HGU133Plus2_Hs_ENTREZG v16.0 (Dai et al., 2005), as previously de-
scribed in a greater detail (Iskandar et al., 2016).
For each experimental factor combination item, concentration
and post-exposure, a model to estimate the treatment effect was
ﬁttedwith limma (Smyth, 2004), by including the covariate exposure
run as a blocking variable to account for the pairing during an expo-
sure run (exposed vs. air control). The p-values for each computed
effect were adjusted across genes using the Benjamini-Hochberg
false discovery rate (FDR) method. Differentially expressed genes
were deﬁned as a set of genes whose FDR was b 0.05. The mRNA
array dataset is available in the Arrays Express repository (Accession
no: E-MTAB-5179).
2.10. Network perturbation amplitude analysis on the transcriptomic data
The network perturbation amplitude (NPA) methodology is de-
scribed in a greater detailed in a previous publication (Martin et al.,
2014). Brieﬂy, the methodology aims to contextualize transcriptome
proﬁles (treatment vs. control, or exposed vs. air control) by combin-
ing the alterations in gene expression into differentiated node values
i.e., one value for each node of a causal network model (Boué et al.,
2015). Relevant network models used for the analysis in this study
are listed (Supplementary Table 3). The differential node values
are determined by ﬁtting procedures inferring the values that best
satisfy the directionality of the causal relationships contained in
the network model (e.g., positive or negative signs). NPA scores
carry a conﬁdence interval accounting for experimental variation,
and the associated p-values are computed. In addition, companion
statistics, derived to inform the speciﬁcity of the NPA score to the bi-
ology described in the network models, are reported as *O and K* if
their p-values fall below the threshold of signiﬁcance (0.05). A net-
work is considered to be signiﬁcantly impacted by exposure if the
three values (the p-value for experimental variation, *O, and K*)
are below 0.05. The methodology has been described in a greater
detail previously (Martin et al., 2014).
In addition to the impact/perturbation scores at the levels of net-
work and subnetwork, the effects of exposure were further quanti-
ﬁed as a systems-wide metric for biological impact—the biological
impact factor (BIF) (Hoeng et al., 2012; Thomson et al., 2013). This
positive value of BIF summarizes the impacts of the exposure on
the cellular system into a single number, thus enabling a simple
and high-level evaluation of the treatment effects across various
time points. Calculating the BIF required the collection of all applica-
ble hierarchically structured network models (Supplementary
Table 3) and involved aggregating the NPA values of the individual
networks.
2.11. Processing of the raw CEL ﬁles of the miRNA microarray
The CEL ﬁles were read using the oligo package in the Bioconductor
suite of microarray analysis tools for the R statistical software environ-
ment (Carvalho and Irizarry, 2010; Huber et al., 2015; R Core Team,
2013). Quality control (QC) of the miRNA raw data was performed as
previously described (Iskandar et al., 2016), using the
arrayQualityMetrics package (Kauffmann et al., 2009). Normalized
probe-level data were obtained by applying robust multi-arraynormalization and summarized at the probeset-level using the median
polish method (Bolstad et al., 2003). Using the annotation provided by
Affymetrix and the latest miRNA nomenclature according to miRBase
v21 (Kozomara and Grifﬁths-Jones, 2013), only the probesets
pertaining to human miRNA were kept in the expression matrix. Addi-
tionally, the probesets that are not available on Affymetrix GeneChip®
miRNA 3.0 arrays were not considered (to maintain the compatability
with other studies using organotypic cultures published before
(Iskandar et al., 2016; Zanetti et al., 2016)). Only the miRNA probesets
with signiﬁcantly higher intensity values than their matched back-
ground probes must be considered as “detected” (Affymetrix miRNA
QCT Tool, 2011). A p-value threshold of 0.01 was chosen to determine
the detection calls based onWilcoxon tests. If amiRNAprobesetwas de-
tected in more than 50% of the samples in at least one sample group,
then it was kept for the further analysis; otherwise, it was discarded.
For each comparison (exposed vs air control, at a given stimulus,
dose, and post-exposure time point), a submatrix was extracted from
the global expression matrix by keeping only those samples belonging
to the corresponding treatment or control groups, as well as the
miRNA probesets that were detected in more than 50% of the samples
in at least one of the two sample groups. A linear model for differential
expressionwas applied to the resulting submatrices using themoderat-
ed t statistic implemented in the limma package (Ritchie et al., 2015).
The models included an additional variable to take into account the ex-
posure runs. Subsequently, adjusted p-values were obtained following
multiple testing corrections using the Benjamini-Hochberg FDR
(Benjamini and Hochberg, 1995). miRNAs below the FDR threshold of
0.05 were considered to be differentially expressed.2.12. Correlation analysis
The repeatability/reproducibility of the experimental repetitions
was explored using correlation analyses on the following groups of end-
points: 1) Functional cell-based assays, which include the AK assay,
Luminex-based measurement of secreted analytes and (when applica-
ble) immunostaining quantiﬁcation, and 2) mRNA proﬁles. Pearson
and Spearman correlations were computed for each of these endpoint
groups by correlating the means of the endpoint values (normalized
to their corresponding controls) obtained from the speciﬁc aggregation
of the experimental repetition as described in the text.
Before correlating the endpoint values of the functional cell-based
assays, the difference (Δ) between the exposed samples and air controls
was calculated for each of the concentrations tested, endpoints, and
post-exposure time points. To compute the difference (Δ) for the AK
assay, normalized levels were used (the normalization procedures are
described in the Materials and Methods: AK cytotoxicity assay). For
the immunostaining quantiﬁcation, the proportion of positive stained
cells was used. For the secreted pro-inﬂammatory mediators, the loga-
rithmic base 10 of the measured concentrations was used to compute
the difference (Δ). Subsequently, for each of these endpoints (for a
given concentration and post-exposure time point), the mean values
of the differences obtained from speciﬁc aggregations of experimental
repetitions were correlated as speciﬁed in the text.
To obtain the correlations of themRNAproﬁles, the log2(fold-chang-
es) in mRNA between the exposed samples and air controls were calcu-
lated (for a given concentration and post-exposure time point). The
mean fold-changes in each mRNA obtained from a speciﬁc aggrega-
tion of experimental repetitions were correlated to the other aggre-
gation as speciﬁed in the text. For example, we ﬁrst combined the
gene expression data from experiments 1 and 2 and obtained the av-
erage fold-change for each gene in the dataset. Similarly, the com-
bined gene expression data from experiments 3 and 4 were
combined, and the average fold-changes were obtained. Finally, cor-
relation plots for the fold changes between experiments 1–2 and 3–4
were produced.
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3.1. Morphology and cytotoxicity of the bronchial organotypic cultures fol-
lowing exposure
Fig. 2 shows representative pictures of the cultures examined 72 h
post-exposure to air (controls), 3R4F smoke, or THS2.2 aerosol. The
H&E- and Alcian blue-stained culture sections of the air-exposed cul-
tures showed the typical pseudostratiﬁed structure of airway epitheli-
um, comprising basal cells, ciliated cells, and mucus-secreting goblet
cells. Similar morphological structures were observed across the air-ex-
posed samples assessed at different post-exposure time points (72 h
post-exposure (Fig. 2) and at 48 h post-exposure (Supplementary
Fig. 2)).
Following3R4F smoke applied at 0.13mgnicotine/L (also referred to
as group “3R4F (0.13)”), fewer cilia and goblet cells were observed as
compared with the air control at 72 h post-exposure (Fig. 2). Pyknotic
(condensed) and karyorrhexic (fragmented) nuclei were observed in
the 3R4F (0.13)-exposed cultures, indicating the presence of apoptotic
cells. Following 3R4F smoke exposure applied at 0.25 mg nicotine/L
(also referred to as group “3R4F (0.25)”), a complete detachment of
the epithelial cells from the membrane was observed in the majority
of the samples (Fig. 2), which precluded further histological evaluation
(e.g. immunohistochemistry) in this group. Analogous effects were ob-
served at 48 h post-exposure (Supplementary Fig. 2).
When THS2.2 aerosolwas applied at nicotine concentrations compa-
rable to those of 3R4F smoke, the morphology of the cultures 72 h after
exposure to THS2.2 aerosol at 0.14mgnicotine/L (referred to as “THS2.2
(0.14)” and at 0.25 mg nicotine/L (referred to as “THS2.2 (0.25)”) re-
sembled that of the air control (Fig. 2). Moreover, following THS2.2
aerosol applied at a higher concentration (0.42 mg nicotine/L, group
“THS2.2 (0.42)”), the culture morphology was not different from that
of the air-exposed control. Similar effects were observed at 48 h post-
exposure (Supplementary Fig. 2).Fig. 2. Histology 72h post-exposureRepresentative pictures (taken from experimental repetiti
post-exposure to 3R4F smoke (left) and THS2.2 aerosol (right) applied at (at least) two comp
exposure are given in Supplementary Fig. 2.To detect possible adverse toxic effects of the whole THS2.2 aerosol
exposure, a dose range assessment of THS2.2 aerosol exposurewas con-
ducted (applied at concentrations ranging from 0.14 to 1.79 mg nico-
tine/L aerosol). Fig. 3 shows that at 72 h post-exposure, alteration in
the culture morphology was only observed in the cultures exposed to
THS2.2 aerosol concentrations above 1 mg nicotine/L.
Furthermore, cytotoxicity associated with the exposure was deter-
mined by measuring the activity of AK released into the basolateral
media following exposure. Damage to cells results in an increased
level of AK in the basolateral media, the activity of which can thus
infer the degree of cytotoxicity.
At 4 h post-exposure, the cytotoxicity levels across all groups were
not signiﬁcantly different (Fig. 4). At the later post-exposure time
points, greater cytotoxicity levels were detected predominantly for
3R4F (0.25)-exposed cultures (about 24% increased cytotoxicity at 24
h post-exposure, and about 53% increased cytotoxicity at both 48 and
72 h post-exposure). In contrast, the cytotoxicity levels of all THS2.2-ex-
posed groupswere comparable to those of the air controls at all post-ex-
posure time points.
3.2. FoxJ1, p63, and Ki67 immunostaining following exposure
Immunohistochemical staining of FoxJ1, p63, and Ki67was conduct-
ed to evaluate the proportions of ciliated cells, basal cells, and proliferat-
ing cells, respectively. The staining was performed in the culture
sections collected at 48 and 72 h post-exposure. Fig. 5 shows represen-
tative images of the stained cultures.
Exposure to 3R4F (0.13) smoke was linked to increased proportions
of p63-positive basal cells at both 48 and 72 h post-exposure (Table 2),
while the increased at 72 h post-exposure did not reach statistical sig-
niﬁcance (p-value = 0.09). The proportions of Ki67-positive proliferat-
ing cells in the 3R4F (0.13)-exposed samples were almost twice of the
air-exposed at 72 h post-exposure, although the difference was not sta-
tistically signiﬁcant (p-value= 0.18). The proportions of FoxJ1-positiveon 3) of the haematoxylin and eosin (H&E) andAlcian blue-stained culture sections at 72 h
arable nicotine concentrations. Representative pictures for the assessment at 48 h post-
Fig. 3. Histology after exposure to a broad range of THS2.2 aerosol concentrations Representative pictures of the hematoxylin and eosin (H&E)-and Alcian blue-stained MucilAir™
culture sections at 72 h post-exposure to THS2.2 aerosol applied at various nicotine concentrations.
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control (p-value = 0.06 at 48 h post-exposure; p-value = 0.19 at 72 h
post-exposure).
At all concentrations tested, THS2.2 aerosol exposure did not re-
markably alter the proportion of p63, ki67, and FoxJ1 at 48 and 72 h
post-exposure, despite decreases in Ki67 proportion at 72 h following
THS2.2 (0.14) and THS2.2 (0.25) and an increase in FoxJ1-positive stain-
ing at 48 h post-exposure to THS2.2 (0.14). However, dose-dependent
effects of THS2.2 aerosol on the proportion of these markers were not
observed (Table 2).3.3. Alterations in ciliary beating frequency
Following 3R4F (0.13) exposure, reduced ciliary beating frequency
(CBF) levels were observed at 48 and 72 h post-exposure, but not at
the earlier post-exposure time points (Table 3). An almost complete re-
duction in CBF was observed at 72 h post-exposure to 3R4F (0.13). Fol-
lowing 3R4F (0.25) smoke exposure, the CBF values were very low
(below or around the 2.5 Hz detection threshold) at all post-exposure
time points.
At the comparable concentration (0.13 or 0.25 mg nicotine /L),
THS2.2 aerosol exposure did not pronouncedly alter the beating fre-
quency. There was no immediate impact on the CBF levels following
THS2.2 aerosol at all concentrations tested. Even at 72 h post-exposure,the CBF levels were reduced only by approximately 20–28% (relative to
those before exposure to THS2.2 aerosol).
Moreover, a power analysis was conducted to measure the beating
signals that were detected by the software (the FFT power magnitudes
reﬂect the beating signals within the measurement area). The power
of the detected signal, depending on the proportion of beating cells in
themeasurement area, was calculated for each group relative to the re-
spective air control (taken as 100 %). A complete reduction in the beat-
ing signalwas detected immediately after exposure (0 h post-exposure)
to 3R4F (0.13) and 3R4F (0.25) (Table 4). At 24 and 48 h post-exposure
to 3R4F (0.13), a slight recovery of the signal was observed. However, at
72 h post-exposure, the power of the beating signals remained low (less
than 10% of the level before exposure). At all post-exposure time points
following 3R4F (0.25) exposure, the beating signals were very low (less
than 1 % of the level before exposure).
When THS2.2 aerosolwas applied at nicotine concentrations compa-
rable to those of 3R4F smoke (i.e. THS2.2 (0.14) and THS2.2 (0.25)), ap-
proximately a 30–40% reduction in the beating signal was observed
immediately after exposure (0 h post-exposure). No further reduction
of the beating signal was observed at the later time points post-expo-
sure to THS2.2 (0.14) and THS2.2 (0.25) (Table 4).When THS2.2 aerosol
was administered at 0.42mg nicotine/L, the detected signals were com-
parable to those following THS2.2 (0.14) or THS2.2 (0.25) at the various
post-exposure time points. Furthermore, a dose-dependent effect of
THS2.2 aerosol on the beating signals was not observed.
Fig. 4. Cytotoxicity levels after exposureMean cytotoxicity levels were assessed using an adenylate kinase (AK) assay at various time points of post-exposure following 3R4F smoke and
THS2.2 aerosol exposures applied at (at least) two comparable nicotine concentrations. AK levels were normalized relative to the positive and negative control (taken as 100% and 0%
cytotoxicity, respectively, as described in Materials and Methods). ★p-value b 0.05 vs. its corresponding air control. # p-value b 0.05 vs. 3R4F (0.25).
37A.R. Iskandar et al. / Toxicology in Vitro 39 (2017) 29–513.4. Secretion of pro-inﬂammatory mediators following exposure
The inﬂammatory response of the bronchial cultures following ex-
posurewas assessed bymeasuring the concentrations of secretedmedi-
ators in the basolateral media at 24, 48 and 72 h post-exposure (they
were sampled cross-sectionally). The concentration of various pro-in-
ﬂammatory mediators were measured using Luminex-based
technology.
Fig. 6 shows the individual concentrations of representative pro-in-
ﬂammatory mediators per sample for each group. The data illustrate
that for most mediators, the greater the concentration of 3R4F smoke,
the higher the concentrations of the mediators (an exception is ob-
served for VEGFA). Following THS2.2 aerosol exposure, in most
cases, no alteration of the mediator concentration was observed. In
only few cases where signiﬁcant differences were found following
THS2.2 exposure, the changes were minimal as compared with
those following 3R4F smoke (at all nicotine concentrations tested).
For the few cases in which signiﬁcantly different mediator concen-
trations following THS2.2 exposure were observed, THS2.2 aerosol
was applied at nicotine concentration of 0.44 mg nicotine/L, which
was almost twice than the nicotine concentration in the highest
dose of 3R4F (0.25 mg nicotine/L). Also, the signiﬁcant differences
following THS2.2 aerosol were observe predominantly at the earlier
post-exposure time point, which were in contrast with those follow-
ing 3R4F smoke exposure—the differences remained signiﬁcant at 72
h post-exposure.3.5. Network-based differential gene expression analysis
Possible exposure-speciﬁc alterations at the cellular and molecular
level associatedwith THS2.2 aerosol and 3R4F smoke exposurewere ex-
amined in cultures that were not substantially damaged. This choice
wasmade because molecular alterations associated with severely dam-
aged tissue only reﬂect the damaged that has already occurred (Davis et
al., 2013). Therefore, because substantial tissue damage (Fig. 2) was ob-
served in 3R4F (0.25)-exposed cultures, the gene expression analysiswas conducted only in the cultures exposed to 3R4F (0.13), THS2.2
(0.14), THS2.2 (0.25), and THS2.2 (0.42).
Expression of many genes was found to be signiﬁcantly altered fol-
lowing 3R4F (0.13) smoke exposure (compared with air-exposed cul-
tures), even at 72 h post-exposure (Table 5). In contrast, the gene
expression following THS2.2 exposure was mainly altered at 4 h post-
exposure, but was considerably less perturbed at 24, 48, and 72 h
post-exposure (for all concentrations tested). Volcano plots of the mi-
croarray data showing the relative expression of mRNA following expo-
sure are shown in Supplementary Fig. 4.
The impact of exposure on various biological processes was quanti-
tatively evaluated from the transcriptomic data leveraging a network-
based systems biology approach (Martin et al., 2014). The Network Per-
turbation Amplitude (NPA) algorithm was used to translate gene fold-
changes into the magnitude of changes in cellular signaling (Martin et
al., 2014). The NPA score can thus reﬂect an exposure-induced alter-
ation of certain biological processes, captured in causal networkmodels
(Boué et al., 2015). Moreover, the overall systems impact—i.e., the ag-
gregation of the network perturbations—referred to as the Biological
Impact Factor (BIF) was also computed (see Materials and Methods).
This approach uses biological networkmodels composed of interrelated
cause-and-effect relationships. These causal network models can be
grouped into various families modelling biological processes involved
in Cell Proliferation (CPR), Cell Fate (CFA), Cell Stress (CST), and inﬂam-
matory response (IPN, Inﬂammatory Process Networks) (Boué et al.,
2015). The edges of the networks carry a causal directionality between
two nodes (increase or decrease) based on information extracted from
scientiﬁc literature (Martin et al., 2014). The nodes correspond to bio-
logical entities (e.g., protein abundances, protein activities, chemical
compounds, or biological processes described as molecular entities);
thus, they can be considered as the functional layer of the network
models (often referred to as “backbone nodes”). Because many of the
backbone nodes are supported by literature-derived knowledge regard-
ing their ability to regulate the expression of particular genes, each net-
work model has a “measurable layer” consisting of mRNA nodes. As a
result, a transcriptome proﬁle (exposed vs. control samples) can be
used to predict the activity of the functional layer of the network. To
Fig. 5. Immunostained bronchial culture sections following exposure Representative pictures of the p63-, Ki67-, and FoxJ1-positive stained culture sections examined at 72 h post-
exposure (part of the experimental repetition 3). 3R4F smoke and THS2.2 aerosol were applied at comparable nicotine concentrations (i.e., 3R4F (0.13) and THS2.2 (0.14)).
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biological impact) following exposure to 3R4F smoke and THS2.2 aero-
sol, the transcriptome proﬁles—collected at 4 h, 24 h, 48 h, and 72h after
exposure (exposed vs. control samples)—were used.
Fig. 7 shows the overall biological impact (in the context of the biol-
ogy covered in the network models) for each exposure conditionTable 2
Quantiﬁcation of p63, Ki67, and FoxJ1-positive stained cells
P63 Ki67
Post-Exposure Post-Exp
48 h 72 h 48 h
3R4F (Air) 20.99 ± 1.52
(N = 11)
24.11 ± 1.50
(N = 9)
4.58 ± 0
(N = 11
3R4F (0.13) 28.79± 2.19*
(N = 9)
29.98 ± 1.99
(N = 8)
6.73 ± 1
(N = 9)
THS2.2 (Air) 21.47± 2.72
(N = 6)
19.64 ± 2.95
(N = 6)
3.96 ± 0
(N = 6)
THS2.2 (0.14) 19.99 ± 2.13
(N = 6)
20.94 ± 1.55
(N = 6)
5.20 ± 0
(N= 6)
THS2.2 (0.25) 19.91 ± 2.30
(N = 6)
18.68 ± 0.53
(N = 6)
2.14 ± 0
(N= 6)
THS2.2 (0.42) 18.14 ± 1.21
(N = 6)
22.86 ± 4.17
(N = 6)
2.90 ± 0
(N = 6)
Meanproportions of the positive-stained cellswere reported (± standard error of themean). *p
digitally quantiﬁed relative to the total cell number in a given culture section. Numbers in parecompared with the corresponding air control. At the 4 h post-exposure
time point, 3R4F at 0.13 mg nicotine/L smoke exposure produced the
highest impact on the tissues; thus, the relative BIF was set to 100 %
(the reference, REF). The impact of 3R4F (0.13) exposure decreased
with increasing duration of the post-exposure period. A 40 % reduction
in the impact factor was found at 24 h post-exposure to 3R4F (0.13)FoxJ1
osure Post-Exposure
72 h 48 h 72 h
.59
)
5.81 ± 0.44
(N = 9)
19.90 ± 4.17
(N = 11)
17.34 ± 5.69
(N = 9)
.24 11.14 ± 3.63
(N = 8)
10.64 ± 4.13
(N = 9)
8.67 ± 1.82
(N = 8)
.94 4.71 ± 0.72
(N = 6)
23.09 ± 2.21
(N = 6)
25.56 ± 5.64
(N = 6)
.91 3.24 ± 0.57*
(N = 6)
31.61 ± 5.08*
(N = 6)
26.63 ± 6.98
(N = 6)
.37 1.96 ± 0.45*
(N = 6)
25.72 ± 4.90
(N = 6)
28.56 ± 7.45
(N = 6)
.44 2.28 ± 0.93
(N = 6)
29.32 ± 3.70
(N = 6)
28.25 ± 6.14
(N = 6)
-valueb 0.05 vs. its corresponding air control. Theproportion of positively-stained cellswas
ntheses indicate the total samples per group.
Table 3
Ciliary beating frequency (Hz) before and after exposure
3R4F (Air Control) 3R4F (0.13) 3R4F (0.25)
0 mg nicotine/L 0.13 mg nicotine/L 0.25 mg nicotine/L
Time of Measurement
Before Exposure 7.03 ± 0.67
(N = 3/3)
7.79 ± 0.16
(N = 3/3)
7.91 ± 0.35
(N = 3/3)
0 h Post-Exposure 10.14 ± 0.75
(N = 3/3)
11.78 ± 2.81
(N = 3/3)
b Threshold
(N = 3/3)
24 h Post-Exposure 5.68 ± 0.26
(N = 3/3)
10.02 ± 1.41
(N = 2/3)
b Threshold
(N = 3/3)
48 h Post-Exposure 11.25 ± 2.78
(N = 3/3)
4.80 ± 2.17
(N = 3/3)
2.64 ± 0.00
(N = 2/3)
72 h Post-Exposure 5.92 ± 0.16
(N = 3/3)
6.33*; b Threshold
(N = 3/3)
b Threshold
(N = 3/3)
THS2.2 (Air Control) THS2.2 (0.14) THS2.2 (0.25) THS2.2 (0.42)
0 mg nicotine/L 0.14 mg nicotine /L 0.25 mg nicotine /L 0.42 mg nicotine /L
Time of Measurement
Before Exposure 9.79 ± 0.72
(N = 9/9)
9.63 ± 0.64
(N = 9/9)
10.16 ± 0.54
(N = 9/9)
10.35 ± 0.70
(N = 9/9)
0 h Post-Exposure 10.02 ± 0.89
(N = 9/9)
10.14 ± 0.62
(N = 9/9)
10.27 ± 0.57
(N = 9/9)
9.82 ± 0.55
(N = 9/9)
24 h Post-Exposure 7.03 ± 0.70
(N = 6/6)
6.59 ± 0.49
(N = 6/6)
6.24 ± 0.27
(N = 6/6)
6.09 ± 0.27
(N = 6/6)
48 h Post-Exposure 8.67 ± 0.46
(N = 9/9)
8.65 ± 0.58
(N = 9/9)
8.91 ± 0.69
(N = 9/9)
8.22 ± 0.53
(N = 9/9)
72 h Post-Exposure 9.38 ± 1.02
(N = 9/9)
6.95 ± 1.12
(N = 9/9)
8.14 ± 1.17
(N = 7/9)
7.89 ± 1.24
(N = 7/9)
Mean ± SEM is shown. Numbers in parentheses indicate the number of samples from which frequency signals were detected, out of the total number of samples where ciliary beating
measurement was done. *Only one replicate (out of the three samples) had a ciliary beating frequency (CBF) value above the threshold.
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ative BIF= 100 %). At 48 h and 72 h post-exposure time-points, the rel-
ative BIFs of 3R4F (0.13) were 30.2% and 23.4%, respectively.
When THS2.2 aerosolwas applied at nicotine concentrations compa-
rable to those of 3R4F smoke, the relative BIF of THS2.2 (0.14) at 4 h
post-exposure was only 7.6%. A sharp decline of the biological impactTable 4
Power (%) of the detected beating signal before and after exposure
3R4F (Air Control)
0 mg nicotine/L
Time of Measurement
Before Exposure 100.00 ± 75.81
(N = 3)
0 h Post-Exposure 100.00 ± 55.54
(N = 3)
24 h Post-Exposure 100.00 ± 84.80
(N = 3)
48 h Post-Exposure 100.00 ± 44.67
(N = 3)
72 h Post-Exposure 100.00 ± 69.17
(N = 3)
THS2.2 (Air Control) THS2.2 (0.1
0 mg nicotine/L 0.14 mg ni
Time of Measurement
Before Exposure 100.00 ± 21.48
(N = 9)
99.35 ± 22
(N = 9)
0 h Post-Exposure 100.00 ± 23.70
(N = 9)
68.17 ± 20
(N = 9)
24 h Post-Exposure 100.00 ± 31.89
(N = 6)
62.29 ± 13
(N = 6)
48 h Post-Exposure 100.00 ± 32.88
(N =9)
56.85 ± 14
(N =9)
72 h Post-Exposure 100.00 ± 17.39
(N = 9)
64.34 ± 10
(N = 9)
The power of the detected signal was calculated relative to that of the air control (taken as 100(a 98 % reduction as compared with the 4 h post-exposure time point)
was observed at 24 h post-exposure to THS2.2 (0.14), which continued
to decline thereafter. The relative BIF values following exposure to the
higher concentrations of THS2.2 aerosol (THS2.2 (0.25) and THS2.2
(0.42)) at 4 h post-exposure were 27.6% and 49.9%, respectively. Almost
complete reductions in the biological impact (N 90% reductions as3R4F (0.13) 3R4F (0.25)
0.13 mg nicotine/L 0.25 mg nicotine/L
74.87 ± 39.28
(N = 3)
84.26 ± 41.67
(N = 3)
0.40 ± 0.13
(N = 3)
0.04 ± 0.02
(N = 3)
33.77 ± 32.46
(N = 3)
0.10 ± 0.02
(N = 3)
23.81 ± 22.21
(N = 3)
0.55 ± 0.15
(N = 3)
6.53 ± 6.26
(N = 3)
0.39 ± 0.13
(N = 3)
4) THS2.2 (0.25) THS2.2 (0.42)
cotine /L 0.25 mg nicotine /L 0.42 mg nicotine /L
.43 130.08 ± 24.63
(N = 9)
140.13 ± 30.20
(N = 9)
.14 77.87 ± 18.31
(N = 9)
78.83 ± 25.94
(N = 9)
.67 77.91 ± 10.99
(N = 6)
62.94 ± 17.17
(N = 6)
.20 87.11 ± 19.60
(N =9)
62.99 ± 16.74
(N =9)
.57 62.32 ± 13.70
(N = 9)
42.96 ± 10.62
(N = 9)
%). Mean ± SEM is shown. Numbers in parentheses indicate the number of samples.
Fig. 6. Concentration of pro-inﬂammatorymediators released in the basolateralmedia after exposure Concentrations of representative pro-inﬂammatorymediators are shown. Each
dot indicates the concentrations detected in each sample measured in a total of six experimental repetitions. The box plots shows the upper whisker (1.5 times the interquartile range),
upper quartile, median, lower quartile, and lower whisker (1.5 times the interquartile range). *indicates p-value b 0.05 vs. its corresponding air control. For all mediators measured
following exposure, their fold-changes (exposed vs. their respective air controls) are reported in Supplementary Fig. 3.
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Table 5
Number of signiﬁcantly differentially expressed genes
Post-Exposure Group
(mg nicotine/L)
3R4F
(0.13)
THS2.2
(0.14)
THS2.2
(0.25)
THS2.2
(0.42)
4 h Upregulated 2049 171 1517 1981
Downregulated 2533 97 1620 2430
24 h Upregulated 3871 2 71 733
Downregulated 3724 0 20 530
48 h Upregulated 3374 0 0 57
Downregulated 2537 0 0 42
72 h Upregulated 2624 0 1 61
Downregulated 2112 0 0 23
Numbers indicate those that are signiﬁcantly different at FDR b 0.05.
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post-exposure to THS2.2 (0.25) and THS2.2 (0.42); with relative BIFs of
0.8% and 0.7%, respectively.
An overview of the different biological processes that contributed to
the overall BIF for each exposure is illustrated as starplots below the
bars (Fig. 7). The starplots are used to represent the contribution of
each perturbed network family to the overall BIF. Among the networkFig. 7. Relative Biological Impact Factor (BIF) derived from cumulatednetwork perturbatio
PercentageRelative BIF is plotted on the y-axis (upper panel). Thehighest BIF value,markedas th
how similar the underlying networks perturbed following a particular exposure relative to th
identical underlying networks being perturbed; δ=−1 indicates that completely opposite u
the cultures at 72 h post-exposure. Lower panel: Each starplot represents the corresponding
Proliferation, and Inﬂammatory Network families. The area of each slice of the starplot refers
the REF is outlined with a thick black line.families, the patterns of the perturbed networks were similar between
3R4F smoke and THS2.2 aerosol: highest for the Cell Stress (CST) net-
work family, followed by the Cell Fate (CFA), Inﬂammatory Processes
network (IPN), and Cell Proliferation (CPR).
Because each network family consists of a set of networkmodels, the
BIF can be decomposed down to the network level. Fig. 8 displays a
heatmap of the perturbation amplitude score (NPA score) of each net-
work. Reﬂecting the overall BIF, the highest NPA scores were observed
at the 4 h post-exposure time point and gradually decreased with in-
creasing post-exposure duration.
At a concentration of 0.13 mg nicotine/L, 3R4F smoke had a signiﬁ-
cant impact on almost all networks within the Cell Fate, Cell Stress,
and Inﬂammatory Processes families. Within the Cell Proliferation net-
work family, Wnt, PGE2, Nuclear Receptor, Mapk, Jak Stat, Growth Fac-
tor, and Cell Cycle networks were markedly perturbed following 3R4F
(0.13) exposure. At a comparable nicotine concentration (i.e., THS2.2
(0.14)), the degree of network perturbations (NPA scores) was much
lower than the NPA score following 3R4F (0.13) exposure.
A gene-set analysiswas also conducted as a complementarymethod.
The results are reported as a heatmapof the enrichment scores (Supple-
mentary Fig. 5). The gene-set analysis shows that the gene expressionns impacted by 3R4F and THS2.2 exposure comparedwith the air controlsUpper panel:
e reference (REF) is taken as 100%. The δ values (δ in [−1, 1]) given above the bars indicate
ose of the REF. δ= 0 indicates no similarity of the perturbed networks; δ= 1 indicates
nderlying networks were perturbed. Middle panel: Representative histological section of
bar in the BIF plot. A slice of the starplot indicates one of the Cell Fate, Cell Stress, Cell
to its relative contribution to the relative BIF (expressed as % in brackets). The starplot of
Fig. 8. Heatmap of Network Perturbation Amplitude (NPA) scores of biological networks impacted by 3R4F and THS2.2 exposure The network names are listed on the left side of the
heatmapwith the corresponding network family at the top of each cluster. The color gradient represents the NPA scores, whichwere normalized to themaximumNPA score per network.
The star symbols (*) in the heatmap indicate that the network is considered to be signiﬁcantly impacted by exposure (i.e., the three values—the conﬁdence interval, *O, and K*
statistics—are below 0.05, as described in the Materials and Methods). Abbreviations: Epith., epithelial; Metab., metabolism.
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with far more KEGG pathway annotations than the annotations associ-
ated with THS2.2 (0.14) aerosol.
3.6. Differential Expression of Selected Genes Regulating Cell Stress and
Inﬂammation
In addition to the network and gene-set analysis, the differentially
expressed genes that regulate cell stress and inﬂammatory processes
are displayed in Figs. 9 and 10, respectively.
Exposure to 3R4F (0.13) smokewas associatedwith pronounced ex-
pression changes of genes regulating oxidative stress and xenobiotic
stress. The majority of these genes were signiﬁcantly altered at all
post-exposure time points tested. The expression levels of SLC7A11,
MAFF, HMOX1, CYP1A1, and CYP1B1 were strongly increased at all
post-exposure time points after 3R4F (0.13) exposure. At a comparable
nicotine concentration, THS2.2 (0.14) aerosol was associated with sig-
niﬁcant expression changes of these genes only at 4 h post-exposure.
Higher concentrations of THS2.2 aerosol applied to the bronchial cul-
tures were associated with greater fold-changes of these genes relative
to the air control.
Expression of genes involved in DNA damage response (e.g., DDIT3),
endoplasmic reticulum stress (e.g., SLC3A2, ATF6), heat shock (e.g.,
DNAJB9) or hypoxic stress (e.g., VEGFA, CA12), were signiﬁcantly altered
after 3R4F (0.13) smoke exposure at all post-exposure time points.However, THS2.2 aerosol at a comparable nicotine concentration (i.e.
THS2.2 (0.14)) did not impact the expression levels of the majority of
these genes. When THS2.2 aerosols were applied at 0.25 and 0.42 mg
nicotine/L, the expression levels of these genes were only altered at
the earlier post-exposure time points.
As shown in Fig. 10, the expression level of various genes involved in
inﬂammatory processeswas altered following 3R4F (0.13) smoke expo-
sure at all post-exposure time points tested. At the comparable nicotine
concentration, THS2.2 (0.14) did not elicit a signiﬁcant alteration the ex-
pression of these genes. Following exposure to THS2.2 aerosol at higher
concentrations (i.e. 0.25 and 0.42 mg nicotine/L), signiﬁcant alterations
of the expression of the geneswere foundpredominantly at 4 h post-ex-
posure time point.3.7. Alterations inmiRNA proﬁles of the bronchial epithelial cultures follow-
ing exposure
MiRNA expression proﬁles of the cultures following exposure to
3R4F (0.13) and THS2.2 (0.14), THS2.2 (0.25), and THS2.2 (0.42) were
obtained to further assess the toxicity-related molecular mechanisms
associated with the exposure. Among all exposure groups, 3R4F (0.13)
exposure elicited the largest number of altered miRNAs at a given
post-exposure time point tested (Fig. 11). The greatest number of al-
tered miRNAs was observed at the 72 h post-exposure time point.
Fig. 9. Differential expression changes of genes regulating cellular stress following 3R4F and THS2.2 exposure Gene symbols are listed on the left side of the heatmap. Speciﬁc stress-
related processes are marked at the top of each cluster. The color gradient reﬂects the alterations in gene expression as compared with the respective air controls.
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sol at the comparable nicotine concentration (i.e., the THS2.2 (0.14)).
Only two miRNAs were found to be signiﬁcantly altered following
THS2.2 (0.25) exposure. Decreased levels of miR-4669 and miR-4701
were detected at the 48 h post-exposure time point following THS
(0.25) exposure; there was no dose-dependent impact of THS2.2 expo-
sure on either miRNAs (Fig. 11). Following exposure to the highest con-
centration of THS2.2 (i.e., THS2.2 (0.42)), increased miR-378 and miR-
320 levels were detected at 72 h post-exposure exposure; both were
also increased at 72 h post-exposure to 3R4F (0.13).
3.8. Correlations of endpoint measurements across the different experimen-
tal repetitions
The present study reports a collection of data aggregated from six
experimental repetitions. For each of the repetitions, a different batch
of cultures was obtained from the supplier speciﬁed in Table 1. To ex-
plore the variability and reproducibility of the outcomes across the six
experimental repetitions, correlations of the endpoint values following
3R4F smoke and THS2.2 aerosol exposure (normalized to their corre-
sponding air controls) were computed.
First, to explore the robustness of the study design, correlations of
the endpoint values were generated from experimental repetitions 3,
4, 5, and 6, in which MucilAir™ bronchial cultures were used for all of
the exposure experiments (thus, the experimental design can be fairlycompared across the repetitions independent of the test system vari-
ability). Fig. 12A shows correlations of the endpoint values from the
functional assays (i.e. AK assay, pro-inﬂammatory mediator measure-
ment, and IHC quantiﬁcation) between those obtained in experimental
repetitions 3–4 and those obtained in experimental repetitions 5–6.
Similarly, for the gene expression, correlation plots of the log2(fold-
changes) were generated (representative plots of endpoint values at 4
h post-exposure for 3R4F (0.13) and THS2.2 (0.14) are shown in Fig.
12B). The plots show positive correlations between the measured
values across experimental repetitions 3, 4, 5, and 6 following 3R4F ex-
posure. Moreover, the analysis showed that the Pearson and Spearman
correlation coefﬁcients associated with THS2.2 exposure were smaller
than those of 3R4F exposure. This ﬁnding was expected, because of
the reduced impact of THS2.2 aerosol compared with 3R4F smoke. The
correlation plots of the gene expression fold-changes of all groups and
post-exposure time points are given in Supplementary Fig. 7, which
demonstrates a similar ﬁnding.
Second, to explore the comparability of the observations obtained
using two different organotypic human bronchial culturemodels, corre-
lations of the endpoint values were computed between those obtained
from experimental repetitions 1–2 (EpiAirway™ bronchial cultures)
and those obtained from experimental repetitions 3–4 (MucilAir™
bronchial cultures) (Fig. 13). The ﬁgure shows that the Pearson and
Spearman correlations remained positive for 3R4F exposure, but rel-
atively weaker than those reported in Fig. 12, wherein one culture
Fig. 10. Differential expression changes in genes related to inﬂammatory processes
following 3R4F and THS2.2 exposure Gene symbols are listed on the left side of the
heatmap. The color gradient reﬂects the alterations in gene expression as compared
with their respective air control.
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were expected because of the reduced biological impact associated
with THS2.2 aerosol exposure. The correlations of the gene expres-
sion fold-changes in all groups and post-exposure time points are re-
ported in Supplementary Fig. 8. Furthermore, a side-by-side
comparison of the cell-type speciﬁc gene expression changes from
the two models was done. The alteration of cell-type speciﬁc gene
expressions from experimental repetitions 1–2 (EpiAirway™ bron-
chial cultures) and those obtained from experimental repetitions
3–4 (MucilAir™ bronchial cultures) were highly comparable as illus-
trated in Fig. 14.
4. Discussion
Alternative to animal models, the air-liquid interface organotypic in
vitro models can be developed from primary human airway epithelial
cells. Thus, the human organotypic airway culture models provide a
more relevant scenario for a human toxicological assessment of ambient
inhalable particles (e.g., aerosols, cigarette smoke, and nanoparticles).
The study aims to conduct a comparative assessment of the biological
impact of whole aerosol from a heat-not-burn product, THS2.2 (a candi-
date modiﬁed-risk tobacco product) relative to that of whole smoke
from the combustible reference cigarette 3R4F. The THS2.2 aerosol
and 3R4F smoke were applied at matched concentrations of nicotine.
A total of six experimental repetitions were conducted within an ap-
proximately 20-month period, using human organotypic bronchial tis-
sue cultures (EpiAirway™ and MucilAir™ models). Various biological
endpoints (e.g., cytotoxicity, tissue histology, ciliary beating function,inﬂammatorymarker release, andmRNA andmiRNA expression chang-
es) were assessed at different time points (4, 24, 48, and 72 h) after a
single 28-min exposure. The combination of various functional assays
with a high-throughput omics approach offers an integrative way for
the systems toxicological assessment of THS2.2 aerosol.
The suitability of the Vitrocell® 24/48 exposure system for the as-
sessment of smoke exposure has been reported previously (Adamson
et al., 2013; Majeed et al., 2014). The Dilution/Distribution Module of
Vitrocell® 24/48 exposure system allows a simultaneous administra-
tion of various dilutions of smoke/aerosol to the biological test system
(located in the Cultivation Base Module of the system). Multiple sam-
plings of smoke and aerosol were conducted throughout the study peri-
od, fromwhichwe conﬁrmed that the target nicotine concentrations (in
3R4F smoke and THS2.2 aerosol) were effectively applied in each of the
experimental repetitions (Supplementary Table 1). Moreover, the con-
centrations of representative carbonyls deposited in the PBS-ﬁlled Cul-
tivation Base Module (Supplementary Fig. 1) were analyzed to
further characterize the diluted smoke and aerosol at the sites of expo-
sure. These activities were conducted to ensure the appropriate genera-
tion of the smoke/aerosol throughout the study.
Readouts based on the release of cellular components following a
toxic impact are commonly used to assess cytotoxicity in vitro. A com-
mercially available assay kit, whichmeasures the activity of AK released
into the basolateral medium of the cultures (referred to as the AK
assay), was used in this study to evaluate the toxicity associated with
the 3R4F smoke and THS2.2 aerosol. The results indicated that overt cy-
totoxicitywas elicitedmainly following exposure to the highest concen-
tration of 3R4F smoke (0.25 mg nicotine/L). Increased cytotoxicity
levels were detected at 24 h post-exposure, which reached a level of
53% at both 48 and 72 h (relative to the Triton X-induced 100% cytotox-
icity). The histological evaluation revealed a similar depiction, in which
tissue damage detected after exposure to 3R4F (0.25) at 72 h post-expo-
sure; the pseudostratiﬁed epithelial cultures were extremely thin and
lifted entirely from the membrane (in most cases). Thus, a histological
evaluation and immunostaining analysis were not performed for this
group. The smoke-induced damage following a 28-min exposure to
3R4F concentration of 0.25 mg nicotine/L (equivalent to approximately
15% 3R4F smoke dilution) was observed previously in organotypic
bronchial epithelial cultures (Iskandar et al., 2015), organotypic bron-
chial epithelial co-cultured with ﬁbroblasts (Iskandar et al., 2015), and
organotypic nasal cultures (Iskandar et al., 2016). The lower concentra-
tion of 3R4F smoke (0.13 mg nicotine/L) elicited only a transient cyto-
toxicity, which was correlated with visible damage to the
pseudostratiﬁed epithelial cells (i.e., signs for cell death, cell detach-
ment, and larger intercellular spaces). This minor cytotoxicity impact
and morphological alteration following 3R4F smoke at 0.13 mg nico-
tine/L (equivalent to approximately 8% 3R4F smoke dilution) was con-
sistently observed in our previous studies in both organotypic
bronchial and nasal cultures (Iskandar et al., 2015; Iskandar et al.,
2016). Exposure to THS2.2 aerosol at comparable nicotine concentra-
tions (i.e., THS2.2 (0.14) and THS2.2 (0.25)) did not notably induce cy-
totoxicity. Only when THS2.2 aerosol was applied at concentrations
above 1 mg nicotine/L, was noticeable tissue damage observed. Overall,
we found that the alterations in the culture morphology (a loss of
pseudostratiﬁed epithelial integrity and tissue damage) were only ob-
served when THS2.2 aerosol was applied at a nicotine concentration at
least four times that of 3R4F smoke.
Immunostaining analyses at 72 h post-exposure revealed increased
proportions of proliferating Ki67- and p63-positive basal cells following
3R4F (0.13) exposure. This suggests the occurrence of minor basal cell
hyperplasia, which is known to be an adaptive response in in vivo respi-
ratory epithelia upon stimuli (Musah et al., 2012; Schlage et al., 1998).
Moreover, FoxJ1-positive ciliated cell numbers were reduced in the cul-
tures following exposure to 3R4F (0.13). Brekman and colleagues re-
ported that during a differentiation phase, overexpression of FoxJ1
reversed the CS extract-induced inhibition of ciliated cell differentiation
Fig. 11. Alteration ofmiRNAs in bronchial epithelial tissue cultures following exposureMiRNAs are listed on the left side of the heatmap. The color gradient reﬂects the alterations in
miRNA expression as compared with the respective air controls.
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with CS extract resulted in reduced ciliary beat frequency in organotypic
bronchial epithelial cells that were linked with reduced expression of
FoxJ1 and Dnai2 (Milara et al., 2012). In line with this report, we ob-
served in the present study that the reduced proportions of FoxJ1-posi-
tive stained cells following 3R4F (0.13) exposure were accompanied by
a diminishing signal of the ciliary beating (power analysis) immediately
after exposure (0 h), and at 24, 48, and 72 h post-exposure. However,
the beating frequency was not strikingly altered following 3R4F (0.13)
exposure, suggesting that the few remaining ciliated cells were capable
of eliciting a normal beating. When tissue damage was observed, i.e., in
3R4F (0.25)-exposed cultures, cilia beating signal and CBF were notdetected (if at all, the CBF was only detected at a marginal level nearing
the threshold of a detectable frequency, 2.5 Hz). This ﬁnding is consis-
tentwith a previous observation in organotypic bronchial cultureswith-
in 3 h after exposure to CS (Åstrand et al., 2015; Schmid et al., 2015). In
contrast, THS2.2 aerosol at the comparable concentration (i.e., THS2.2
(0.14)), or even at higher concentrations, did not substantially alter
the proportion of Ki-67, p63, and FoxJ1 markers. Although in few in-
stances, statistically signiﬁcant differences were obtained, dose-depen-
dent effects of THS2.2 aerosol on any of these markers were not
observed. Similarly, a dose-response impact of THS2.2 aerosol (and
time-dependent impact) on CBF was not observed, despite a slight re-
duction in the cilia beating signal that could be observed following
Fig. 12. Correlation of endpoint values to explore the reproducibility of the experimental design The mean of the endpoint values (the difference between exposed vs. air controls)
from the various functional assays (A) obtained from the experimental repetitions 3 and 4, were correlated to those obtained from experimental repetitions 5 and 6. The log2(fold-
changes) in gene expression in cultures at 4 h post-exposure to 3R4F (0.13) and THS2.2 (0.14), compared with their air controls, obtained from experimental repetitions 3 and 4 were
correlated to those obtained from experimental repetitions 5 and 6 (B). Each dot represents a gene. DEG, differentially expressed genes.
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ent study is that the impact of 3R4F smoke and THS2.2 aerosol on the
apical surface liquid (ASL) was not investigated. Proper ciliary beating
and the properties of ASL are known to inﬂuence mucociliary clearance
in the airway (Cohen et al., 2009). Therefore, future studies should as-
sess whether the alterations in cilia beating frequency were accompa-
nied by a depletion and/or viscosity change of ASL or solely
attributable to the loss of cilia activity.
The concentrations of various mediators in the basolateral media
were measured to assess the inﬂammatory response following expo-
sure. Among the mediators, at given post-exposure time points, the
highest fold-increase (Supplementary Fig. 3) was prominently ob-
served for MMP-1 (range, 5.2-fold – 9.8-fold, following 3R4F smoke ex-
posure). MMP-1 expression is known to be upregulated following CS
exposure (Mercer et al., 2009). The link between smoking and emphy-
sema has been attributed to the alteration of MMP-1 expression in
lung epithelial cells (Mercer et al., 2009). Thus, the increased MMP-1
concentrations following 3R4F (0.15) and 3R4F (0.25) exposure could
be linked to the overt morphological changes (damage to thepseudostratiﬁed epithelium) observed in these groups (discussed in
the previous paragraph). In contrast, MMP-1 concentrations were not
altered following exposure to THS2.2 aerosol applied at the comparable
nicotine concentrations (i.e. THS2.2 (0.14) and THS2.2 (0.25)), and even
at the higher concentration of nicotine (THS2.2 (0.42)). Furthermore,
the results suggested a dose-dependent increase inmediator concentra-
tions following 3R4F smoke exposure, with the exception of VEGFA. The
concentration of VEGFA in the basolateral media following exposure to
3R4F (0.25) was comparable to the concentration following air expo-
sure. The lack of increased concentrations of VEGFA following 3R4F ex-
posure at 0.25 mg nicotine/L (equivalent to 15% 3R4F smoke) was
previously observed in organotypic bronchial epithelial cultures
(Iskandar et al., 2015), organotypic bronchial epithelial co-cultured
with ﬁbroblasts (Iskandar et al., 2015), and organotypic nasal cultures
(Iskandar et al., 2016). This ﬁnding suggests that when the damage
was substantial (evidenced by the culture histology of the 3R4F
(0.25)-exposed cultures), a repair mechanism did not occur likely be-
cause of unrepairable damage. In 3R4F (0.13)-exposed cultures, a signif-
icant increase in VEGFA concentrations (1.7-fold increase,
Fig. 13. Correlation of endpoint values to compare the response of the two different bronchial culturemodels following exposure Themean of the endpoint values (the difference
between exposed vs. air control) from the various functional assays (A) obtained fromMucilAir™ bronchial cultures (x-axis)were correlated to those obtained fromEpiAirway™ bronchial
cultures (y-axis). The log2(fold-changes) in gene expression in cultures at 4 h post-exposure to 3R4F (0.13) and THS2.2 (0.14), as compared with their air controls, from MucilAir™
bronchial cultures (x-axis) were correlated to those obtained from EpiAirway™ bronchial cultures (y-axis) (B). Each dot represents a gene. DEG, differentially expressed genes.
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pair mechanism following exposure to 3R4F at 0.13 mg nicotine/
L—this ﬁnding was observed before in our previous studies (Iskandar
et al., 2015; Iskandar et al., 2016). The role of VEGF in tissue repair and
proliferation (Roberts et al., 2007) has been linked to increased com-
pensatory growth during repair processes (Marwick et al., 2006). In
contrast, THS2.2 aerosol exposure at all concentrations did not substan-
tially alter the concentrations of secreted mediators, including VEGFA.
In few cases, statistically signiﬁcant differences between the mediator
concentrations in the THS2.2-exposed groups and the air controls
were found. However, the signiﬁcant differences were predominantly
observed for the changes following THS2.2 aerosol exposure applied at
the highest concentration (0.44 mg nicotine/L) and/or at the early
post-exposure time points. This is in contrast with those changes fol-
lowing 3R4F smoke exposure, where the differences remained to be sig-
niﬁcant at the 72 h post-exposure time point. Moreover, even following
the highest nicotine concentration in the THS2.2 aerosol, the altered
concentrations of the pro-inﬂammatory mediators were minimal as
compared to those following 3R4F smoke exposure at any concentra-
tions tested (relative to their corresponding air-exposed controls).
To obtain further insights into the associated molecular perturba-
tions elicited by the exposures, we conducted a systems toxicology-based risk assessment. The systems approach leverages a computational
analysis of genome-wide gene expression changes using biological net-
workmodels. Thismethodology has been useful to gain insights into the
mechanistic impact of CS exposure on various organotypic epithelial
culture models (Hoeng et al., 2014; Iskandar et al., 2015, 2016; Mathis
et al., 2015; Schlage et al., 2014; Talikka et al., 2014; Zanetti et al.,
2016). Because molecular changes in already-damaged tissue can only
serve as a conﬁrmation “rather than being predictive or mechanistic”
(Davis et al., 2013), the cellular andmolecular investigation in the pres-
ent study was done only in cultures with minimal damage—those ex-
posed to 3R4F (0.13), and THS2.2 (0.14), (0.25), and (0.42). One
readout of the network-based approach is the quantiﬁcation of the bio-
logical impact factor (BIF) that utilizes transcriptome proﬁles. The BIF
metric allows a systems-widemeasure of the exposure impact by aggre-
gating all of the quantiﬁed perturbations in various network models
(Hoeng et al., 2012; Thomson et al., 2013). Based on the BIF analysis,
as compared with THS2.2 exposure at all concentrations tested for
given post-exposure time points, 3R4F (0.13) elicited the strongest bio-
logical impact on the agglomeration of various processes modelled in
the networks (taken as 100% relative BIF). This BIF comprised four
perturbed biological-network-families (i.e. Cell Stress, Cell Proliferation,
Cell Fate, and Inﬂammatory Response) that reached peak perturbation
Fig. 14. Heatmap of cell-type speciﬁc gene expression proﬁles of the two different bronchial culturemodels.Gene symbols are listed on the left side of the heatmap. Speciﬁc cell types
are marked at the right side. The color gradient reﬂects the alterations in gene expression as compared with the respective air controls.
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tion scores of various biological network models with post-exposure
duration was consistent with our previous observations in organotypicbronchial and nasal cultures (Iskandar et al., 2015, 2016; Talikka et al.,
2014). Furthermore, in the present study, we observed that the same
network models were perturbed following THS2.2 aerosol exposure
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relative BIF of THS2.2 (0.14) was only 7.5%, as compared with the
100% BIF following 3R4F (0.13) exposure.
To support the interpretations of the network-based transcriptome
analysis, different panels showing the differential expression of genes
involved in the cellular stress response and inﬂammation were provid-
ed. Consistent observations were found between the network analysis
and the gene panel-analysis. Perturbation of XenobioticMetabolismRe-
sponse network model following exposure was reﬂected by signiﬁcant
expression changes of genes listed in the Xenobiotic Stress panel
(CYPs, AKRs, AHR, AHRR, ALDHs). Moreover, the perturbed Oxidative
Stress networkmodelwas consistentwith signiﬁcant expression chang-
es of geneswithin the Oxidative Stress gene panels. Finally, the gene ex-
pression proﬁle listed in the inﬂammation-related gene panel mirrors
the perturbation of networks within the Inﬂammatory Process Net-
work. A striking difference in the expression patterns of these genes fol-
lowing 3R4F and THS2.2 exposure was observed: These genes were
signiﬁcantly differently expressed at all time points following exposure
to 3R4F (0.13), whereas THS2.2 aerosol at 0.14; 0.25; or 0.42 mg nico-
tine/L elicited only transient alterations at 4 h post-exposure. This ob-
servation suggests that the THS2.2 aerosol elicited reversible effects
that were managed by rapid cellular compensation; however, 3R4F
smoke provokedmore severe effects that overwhelmed the fast cellular
stress response and repair mechanisms, resulting in a slower and less
pronounced recovery during the observation period (up to 72 h post-
exposure).
The current study further explored the interplay betweenmRNAand
miRNA changes because the same RNA extract was used to performed
both mRNA and miRNA arrays. In contrast with the mRNA response
proﬁles (where the number of signiﬁcantly altered mRNAs decreased
with increasing duration of the post-exposure period), the miRNA
response proﬁles—predominantly altered following 3R4F (0.13)
exposure—showed an increasing number of differentially expressed
miRNA species with increasing post-exposure duration. Thus, the re-
sults presented here provided additional insights into the dynamic be-
havior of miRNAs following CS exposure. The delayed occurrence of
themiRNA expression changes relative to themRNA expression chang-
es suggests a secondary rather than a direct response to the exposures.
This is consistent with our previous observation in 3R4F-exposed
organotypic bronchial epithelial cultures (Mathis et al., 2015) and a a
previous study using melanoma cells stimulated with interferon-γ
(Nazarov et al., 2013). Nazarov and colleagues reasoned that the “de-
layed” response of miRNA may reﬂect a cellular attempt to mitigate an
earlier perturbation of the gene expression following stimuli (Nazarov
et al., 2013).
The greatest differential expression changes were observed for miR-
4484 and miR-1246 following 3R4F (0.13) exposure at 72 h post-expo-
sure. Although their speciﬁc function is unknown, both miRNAs have
been reported to bemitochondrialmiRNAs (Borralho et al., 2014). Com-
pared with a previous 3R4F exposure study in organotypic bronchial
cultures (Mathis et al., 2015), we observed the consistent downregula-
tion of miR-30, miR-342, and miR-449 expression. The 3R4F-induced
upregulation of miR-4521, miR-193, miR-224, and miR-203; and the
3R4F-induced downregulation of miR-2110, miR-1180, miR-149, and
miR-27bwere observed also in nasal organotypic epithelial cultures fol-
lowing 3R4F exposure (Iskandar et al., 2016). The downregulation of
miR-4521 expression and upregulation of miR-27b following 3R4F ex-
posure could be linked to smoking-induced hypoxia as previously re-
ported (Camps et al., 2014). Because many of the biological functions
of the identiﬁed miRNAs were unknown, we used the DIANA-TarBase
tool (Vlachos et al., 2015) to interpret the miRNA proﬁle (reported in
Supplementary Fig. 6). This analysis showed various KEGG pathways
that were linked to the miRNA alterations. However, in many cases,
the same miRNA target genes were associated with several KEGG path-
ways. Therefore, we consider that these pathway annotations are less
speciﬁc and cannot be used to identify the mechanism associated withthe exposure-induced impact. MiRNA expression was not altered fol-
lowing THS2.2 (0.14) exposure. Only two miRNAs were signiﬁcantly
downregulated following THS2.2 (0.25) exposure: miR-4669 and miR-
4701, function unknown. Moreover, miR-320a/b and miR-378a/i were
signiﬁcantly upregulated at 72 h post-exposure following THS2.2
(0.42); they were similarly found to be upregulated following 3R4F
(0.13) exposure. The altered miR-320 levels following exposure could
be related to the observed alterations in genes regulating oxidative
stress (shown in the Oxidative Stress gene panel, Fig. 9); studies have
demonstrated that miR-320 is induced upon oxidative stress
(Schrottmaier et al., 2014; Tang et al., 2012). Furthermore, both miR-
378a and miR-378i belong to a large family of evolutionary conserved
miRNAs (among miR-378a/b/c/d/e/f/h/i) (Megiorni et al., 2014). MiR-
378 recognizes the 3′-UTR of aryl hydrocarbon receptor (AHR) and sup-
presses its expression (Nakano et al., 2016). Because AHR is known to
mediate the expression of CYP1A1 (Ma, 2001), it is likely that the upreg-
ulation of miR-378 contributed to the exposure-induced CYP1A1mRNA
levels observed in this study (shown in the xenobiotic stress gene panel,
Fig. 9).
Furthermore, the results described here are the aggregated data of
six experimental repetitions. The ﬁrst two experimental repetitions
used EpiAirway™ bronchial cultures reconstituted from the epithelial
cells of a 23-year old non-smoker male. The last four experimental rep-
etitions used MucilAir™ bronchial cultures reconstituted from the epi-
thelial cells of a 28-year old non-smoker male. To explore the
repeatability/reproducibility of the experimental design, correlations
were computed between the endpoint values generated from experi-
mental repetitions 3–4 and those from repetitions 5–6, all of which
were conducted using MucilAir™ cultures. Positive correlations were
observed from this analysis, suggesting that the experimental design
was fairly robust, and resulting in reproducible observations. In addi-
tion, to explore the responses of the different culture models, the end-
point values generated from repetitions 1–2 (where EpiAirway™
cultures were used) were correlated to those from repetitions 3–4
(where MucilAir™ cultures were used). The results showed that posi-
tive correlations remained detectable for the 3R4F-induced changes,
even though the correlations were weaker. The reduced correlations
were expected because of the inherent variation regarding the donors
and processing methodology for the reconstitution of the organotypic
culturemodels by the two providers. Nevertheless, when the alterations
in cell-type speciﬁc genes were compared side-by-side, the changes
were greatly comparable between the two models. Future studies
should also explore the use of various donor proﬁles (e.g., male, female)
for such assessment. Culture models reconstituted from smoker donors
could be leveraged for in vitro switching studies (from a conventional
cigarette smoking to a modiﬁed-risk tobacco product). Nevertheless,
the correlations remained positive. Moreover, because of the overall re-
duced impact of THS2.2 aerosol on the various endpoints, we did antic-
ipate that the Pearson and Spearman correlations of the endpoint values
following THS2.2 exposure would beweaker than those following 3R4F
exposure.
5. Conclusions and Outlook
In summary, we have shown that at similar nicotine concentrations,
aerosol of the heat-not-burn product THS2.2 elicited a reduced biologi-
cal impact in organotypic bronchial cultures, as compared with 3R4F
smoke exposure across all measured endpoints. This study further dem-
onstrated that combining functional analyses (based on cellular-based
assays) with various omics and high-throughput technologies provides
a holistic approach of an assessment to study the biological impact of
exposure. Utilization of causal biological network models relevant to
the bronchial tissue could advance a mechanism-based assessment;
for example, inﬂammatory processes and cellular stress response were
elicited at a lower degree following THS2.2 aerosol than 3R4F smoke.
Furthermore, the network-based computational analysis on the gene
50 A.R. Iskandar et al. / Toxicology in Vitro 39 (2017) 29–51transcription changes allowed a quantiﬁcation of the a relative impact of
the exposure. The data showed that 3R4F (0.13) elicicted the highest bi-
ological impact (RBIF = 100%) in the context of Cell Fate, Cell Prolifera-
tion, Cell Stress, and Inﬂammatory Network Models at 4 h post-
exposure. In contrast, the corresponding RBIF of THS2.2 (0.14) at 4 h
post-exposure was 7.6%. Even at the 1.7-fold and 3-fold higher e con-
centrations, THS2.2 aerosol exposure only elicited 27.6% and 49.9%
RBIF, respectively, at 4 h post-exposure time point. The present datasets
could be further leveraged to explore potential biomarkers of exposure
in clinical studies (e.g., pro-inﬂammatory mediators, speciﬁc gene
markers). The work reported here demonstrates that a systems toxicol-
ogy approach (Sauer et al., 2016; Sturla et al., 2014), which is aligned
with the new toxicity-testing paradigm proposed by the 21st Century
Toxicology framework (Berg et al., 2011; Sheldon and Cohen Hubal,
2009), can be implemented under the 3Rs principle to reﬁne, reduce,
and eventually replace animal studies (Doke and Dhawale, 2015).
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